Using in situ grazing-incidence x-ray scattering, we have measured the diffuse scattering from islands that form during layer-by-layer growth of GaN by metal-organic vapor phase epitaxy on the (1010) m-plane surface. The diffuse scattering is extended in the (0001) in-plane direction in reciprocal space, indicating a strong anisotropy with islands elongated along [1210] and closely spaced along [0001]. This is confirmed by atomic force microscopy of a quenched sample. Islands were characterized as a function of growth rate G and temperature. The island spacing along [0001] observed during the growth of the first monolayer obeys a power-law dependence on growth rate G −n , with an exponent n = 0.25 ± 0.02. Results are in agreement with recent kinetic Monte Carlo simulations, indicating that elongated islands result from the dominant anisotropy in step edge energy and not from surface diffusion anisotropy. The observed power-law exponent can be explained using a simple steady-state model, which gives n = 1/4.
The competition among atomic-scale processes at the surface of a growing epitaxial film produces a fascinating array of growth mechanisms, morphologies and crystal growth modes.
1,2 Study of these modes can not only reveal the nature of the critical processes but also allow rational design of methods to synthesize high quality films and heterostructures with the interface morphology, dopant distributions, and controlled defect levels needed for devices. 3, 4 Depending upon the balance between rates of deposition, surface diffusion on terraces, attachment at steps, and nucleation of islands on terraces, the growth mode can vary among stepflow, layer-by-layer, and three-dimensional. 1 Because the bonding geometries, energies, and diffusion barriers are all typically strong functions of crystal surface orientation, growth modes also vary with orientation.
5 During layer-by-layer growth, in which islands nucleate and coalesce to form each molecular layer of the crystal in succession, observation of the oscillatory surface morphology produces an especially sensitive measure of this balance of surface processes.
Because of their potential importance in improving the performance of optoelectronic devices, growth of GaN films in non-polar and semi-polar orientations has received increasing attention.
3 These non-basal-plane orientations of the wurtzite structure have in-plane surface anisotropy, often resulting in complex growth behavior and surface morphologies. In particular, the m-plane (1010) surface of GaN has been the subject of fundamental study. Its ideal structure is shown in Fig. 1 . First-principles-based theory for this surface in vacuum predicts relaxations from the ideal structure, 6 as well as highly anisotropic activation barriers for surface diffusion. 7, 8 The nature of GaN surfaces in the metal-organic vapor phase epitaxy (MOVPE) environment studied here is affected by attachment of NH x species.
9 A recent comparison 10 of kinetic Monte Carlo (KMC) simulations and experiments on MOVPE of mplane GaN indicates that anisotropy in step edge energies rather than anisotropy in diffusion barriers dominates surface morphology under typical MOVPE conditions. Here we present results of an in-situ surface x-ray scattering study of the island shape and nucleation density during MOVPE of GaN on the m-plane surface as a function of temperature T and growth rate G. In-situ xray scattering and ex-situ atomic force microscopy both show islands elongated along the power law dependence upon growth rate S z ∝ G −n with an exponent of n = 0.25±0.02, in agreement with simulation results. 10 We present a simple steady-state analysis to explain this exponent.
We used real-time grazing incidence x-ray scattering experiments to characterize the surface structures that form during homoepitaxy of GaN by MOVPE. The substrate was a GaN single crystal with a surface oriented 0.4 degrees from the (1010) planes, giving terraces of width W = 400Å along the [0 0 0 1] direction separated by single-monolayer (ML) steps of height d 1010 = √ 3a 0 /2 = 2.76Å. Experimental methods were the same as described in a previous study.
5,11 Triethylgallium (TEGa) and ammonia (NH 3 ) were used as precursors and nitrogen as carrier gas. Growth rate was controlled by varying the supply of TEGa, with a large excess of NH 3 . Substrate temperature was determined within ±5 K by calibration using thermal expansion of a standard sapphire substrate measured by optical interferometry. 12 In the previous study, 5 we found conditions under which layerby-layer growth occurs by observing the extent to which the intensity of the crystal truncation rod (CTR) scattering oscillates in time during growth, with maxima at the completion of each ML of growth. Here we study the diffuse scattering that occurs around the CTR when islands are present on the surface between the completion of each ML, allowing us to determine the spacing of the islands and how it varies with growth conditions. Figure  2 shows typical x-ray diffuse scattering from islands nucleating and coalescing during MOVPE on m-plane GaN in the layer-by-layer growth regime. Intensity is plotted as a function of time t and distance ∆L from the CTR in the in-plane L direction.
11 As found previously, 5 the CTR peak at ∆L = 0 in Fig. 2 oscillates strongly in time after growth is initiated at t = 0. When the intensity of the CTR is at a minimum, corresponding to half-filled layers, we observe diffuse scattering extending in the in-plane L direction around the CTR, which originates from islands on the surface. The diffuse scattering shows peaks on each side of the CTR, indicating highly correlated island positions. We studied many growth conditions using the same sample by growing only a few monolayers under each condition, and then annealing the sample at 1230 K for 180 s to recover the surface to its initial state for further growth studies. Figure 3 shows the distribution of this diffuse intensity in L at the first minimum in the CTR intensity, i.e. after 0.5 ML of growth, for various growth rates at T = 893 K. Average island spacings were extracted by fitting the data to obtain the positions ±∆L pk of the satellite peaks in the diffuse scattering (dashed lines in Fig. 3 ). The displacement ∆L pk of the peaks from the CTR is inversely proportional to the average island spacing, S z = c 0 /∆L pk , in the [0001] direction, with c 0 = 5.18Å. Typical fits of the diffuse scattering are shown in Fig. 3 . Details of the fitting method are given in Supplemental Material.
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The average island spacing S z at 0.5 ML coverage is plotted versus growth rate G at fixed temperature T in Fig. 4(a) , and versus inverse T at fixed G in Fig. 4(b) . Note that the average island spacing is smallest for growth of the first layer and increases for subsequent lay- ers, as indicated by the decrease in ∆L pk apparent in Fig. 2 . This behavior is typical of that seen in other surface scattering studies of layer-by-layer growth.
13,14
The island spacings can be fit to a power-law dependence on G and an Arrhenius dependence on T , expressed by
Here we have scaled S z by the lattice parameter a 0 = 3.19Å rather than c 0 to facilitate comparison with the KMC study. 10 A similar expression is obtained from analysis of island nucleation spacings. 15 The three parameter values obtained from a fit to all 26 island spacings at 0.5 ML in the layer-by-layer regime shown in Fig. 4(a) are: an exponent n = 0.25 ± 0.02, an activation energy E S = 2.70 ± 0.18 eV, and a growth rate scale factor log 10 [G S (Å/s)] = 21.2 ± 1.0. The dependence of S z on G and T is consistent with the boundary between stepflow and layer-by-layer growth modes determined from the amplitude of CTR oscillations in the previous study, 5 assuming that the boundary corresponds to an average island spacing at 0.5 ML equal to the average terrace width, S z = W = 400Å.
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A strong anisotropy in the island shape and spacing is apparent in the diffuse scattering, which is extended in reciprocal space only in the (0001) in-plane direction. In the perpendicular (1210) in-plane direction, the scattering is peaked at the CTR position. For higher growth rates and lower temperatures, the width of this peak increases measurably above the lower limit imposed by the experimental resolution, reflecting a decreasing island spacing S y along [1210] . For these conditions we can extract 11 an approximate value of S y from the peak width. Figure 5 shows the island spacing anisotropy S y /S z as a function of growth rate for two temperatures. The higher anisotropy observed at lower growth rates, i.e. closer to equilibrium, indicates that anisotropy is an equilibrium rather than kinetically driven phenomenon.
To image the island anisotropy, we grew 0.5 ML under layer-by-layer conditions at a temperature sufficiently low (T = 849 K, G = 0.06Å/s) that the sample could be quenched to room temperature after growth without any further change in the island structure, as monitored by the diffuse scattering. Figure 6 shows an atomic force microscopy image of the islands on the 0.5-ML quenched surface. The strong elongation of the islands along [1210] is apparent, and the observed island spacing along [0001] agrees with the diffusion scattering determination.
Our experimental results are in good agreement with recent KMC simulations of MOVPE growth on mplane GaN. 10 In the KMC study, islands with similar anisotropy (elongated perpendicular to [0001]) were observed during layer-by-layer growth, and the island spacing S z had the same dependence on G and T given by Eq. (1). The island spacing power-law exponent was found to be n = 0.24 ± 0.01, in agreement with that observed here. The higher island spacing anisotropy as equilibrium is approached (lower growth rates) shown in Fig. 5 is consistent with the conclusion of the KMC study 10 that island shape is determined primarily by anisotropy in equilibrium step edge energy, rather than by anisotropy in surface diffusivity.
The n = 0.25 power-law exponent for the island spacing S z dependence on growth rate G can be understood by considering the value of S z needed to balance the rate of attachment of adatoms to existing islands and the rate of adatom deposition. If we assume that all characteristic lengths of the island structure scale with S z , and that surface transport occurs by diffusion rather than evaporation/condensation (as is the case in both the experiments and simulations), the rate of adatoms diffusing to existing island edges is proportional to D/S D is the adatom diffusivity. The rate of adatom deposition onto terraces between islands is proportional to JS 2 z , where J = G/V 0 is the deposition flux per unit area and V 0 = ( √ 3/4)a 2 0 c 0 is the molecular volume. When these two rates are balanced, the steady state island spacing is thus
This result can be obtained for anisotropic or isotropic island structures and diffusivities. 16 This gives an n = 1/4 power-law dependence on 1/G, which agrees with the value of n observed in our experiments and recent simulations 10 for S z at 0.5 ML, expressed by Eq. (1). The values we observe for E S and G S in Eq. (1) are also in reasonable agreement with a more quantitative version of Eq. (2).
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In summary, we found that islands formed during layer-by-layer growth of GaN by MOVPE on the (1010) m-plane surface are elongated perpendicular to [0001] . The island spacing along [0001] obeys a power-law dependence on growth rate G −n , with an exponent n = 0.25 consistent with simulations 10 and with a simple steadystate analysis. The very weak dependence of island spacing on G indicates that island spacing can be most effectively controlled by changing growth temperature. Because island shape is controlled by step edge energy, the surfactant behavior of dopants such as Si may have a large effect on surface morphology. 
